The pulvinar of the thalamus is a higher-order thalamic nucleus that is responsible for gating information flow to the cortical regions of the brain. It is involved in several cortico-thalamocortical relay circuits and is known to be affected in a number of neurological disorders. Segmenting the pulvinar in clinically acquired images is important to support studies exploring its role in brain function. In recent years, we have proposed an active shape model method to segment multiple thalamic nuclei, including the pulvinar. The model was created by manual delineation of high resolution 7T images and the process was guided by the Morel stereotactic atlas. However, this model is based on a small library of healthy subjects, and it is important to validate the reliability of the segmentation method on a larger population of clinically acquired images. The pulvinar is known to have particularly strong white matter connections to the hippocampus, which allows us to identify the pulvinar from thalamic regions of high hippocampal structural connectivity. In this study, we obtained T1-weighted and diffusion MR data from 43 healthy volunteers using a clinical 3T MRI scanner. We applied the segmentation method to the T1-weighted images to obtain the intrathalamic nuclei, and we calculated the connectivity maps between the hippocampus and thalamus using the diffusion images. Our results show that the shape model segmentation consistently localizes the pulvinar in the region with the highest hippocampal connectivity. The proposed method can be extended to other nuclei to further validate our segmentation method.
INTRODUCTION
The thalamus is a structure located in the deep brain right above the brain stem that is responsible for modulating the flow of information from the cerebral cortex to the basal ganglia and back. It is involved in a wide range of functions including motor, sensory, integrative and higher order cortical functions. It is structurally and functionally diverse, and can be subdivided into neuronal clusters known as "nuclei" based on their distinct cyto-and myeloarchitectural characteristics. 1 Current literature shows that different intrathalamic nuclei are part of different cortical relay networks, and regional thalamic changes could account for specific symptoms in different neurological disorders, such as Parkinson's disease, essential tremor, Alzheimer's disease, and multiple sclerosis. Surgical methods like Deep Brain Stimulation (DBS) are used to target specific thalamic nuclei and counter the symptoms of neuropsychiatric and movement disorders. 2, 3 Localizing the individual nuclei would thus help in tracking disease progression and intelligent targeting for treatment.
Identification of the intrathalamic nuclei, however, is extremely challenging because clinical T1 or T2 weighted magnetic resonance (MR) images do not present sufficient intrathalamic contrast. Liu et al 4 proposed a scheme to segment a set of 23 nuclei on clinical T1-w MR images using a hierarchical active shape model. The training library for the active shape model was generated by careful expert delineation on multiple high field 7 Tesla (7T) MR sequences on 9 healthy volunteers and was guided by the Morel stereotactic atlas.
1 Although creating the model requires high field 7T MRI, the segmentation algorithm can be applied to clinical 3 Tesla (3T) MR data. Liu et al cross-validated this model on a leave-one-out basis over the 9 subject brains and showed that the shape model method provides higher segmentation accuracy when compared against single-atlas and multi-atlas approaches, with dice values ranging from 0.53 to 0.9 for all nuclei. However, the model only captures the statistical characteristics of a limited sample size, and it is yet to be validated on a larger population. Moreover, the high field MR imaging technique used to generate the library of manually segmented nuclei is not in clinical use, and thus cannot serve as a ground truth for studies performed using clinical MRI scanners. In this paper, we aim to verify and validate the performance of the model in a larger population where only clinical 3T MR data was available.
In particular, we aim to validate the segmentation of the pulvinar nucleus, which is one of the largest thalamic nuclei located at the posterior end of the thalamus and one of the higher-order thalamic relays. 5 Research suggests that it plays a strong role in the brain's attention networks.
6-10 For example, multiple studies have linked it to the control of visual attentional selection and regulating cortical synchrony, [10] [11] [12] [13] [14] [15] and is known to be involved in temporal lobe epileptic seizures. 16, 17 It has been at the forefront of a large body of research on neurodegenerative diseases and segmenting it accurately is important to support these studies. This is challenging because there is no in vivo subject specific gold standard data for any intrathalamic nucleus. Previous studies have shown that there is a strong structural connectivity between the pulvinar and the hippocampus in humans. [18] [19] [20] [21] Based on this concept, we propose to use structural connectivity between the hippocampus and the thalamus to validate our segmentation method. Using diffusion tensor images (DTIs) acquired with a 3T scanner, we created connectivity maps and compared them to our segmentation results.
METHODS
Forty-three healthy volunteers were recruited for this study (age 39 ± 13 years, 21 females, 22 males). Clinical T1-weighted three-dimensional MRI and DTI images were acquired using a Philips Achieva 3T MRI scanner (Philips Healthcare, Best, The Netherlands) with a 32-channel head coil. The specifications of the scans are (1) T1-w MRI: gradient echo, repetition time = 9.1 msec, echo time = 4.6 msec, 192 shots, flip angle = 8
• , matrix = 256 x 256, 1 x 1 x 1 mm 3 (2) diffusion weighted MRI: b = 1600 s/mm 2 , 92 directions, 2.5 x 2.5 x 2.5 mm 3 , 1 average. Informed consent was obtained from each subject prior to scanning in accordance with Vanderbilt University Institutional Review Board guidelines.
A thalamus mask, which is required for Liu's method, was segmented in each T1-w MR image using a multiatlas-based segmentation method. 22 The shape model library of Liu et al 4 is defined on a 7T MR atlas and requires a known correspondence between this atlas and the subject T1 image. All subjects were registered to this atlas using a combination of rigid 23 and nonrigid registration, 24 and the 23 distinct nuclei defined in Liu's model were segmented in each hemisphere of each image using the shape model. Because the diffusion images used in the current study have a relatively low resolution, and because DTI-based methods usually can parcellate no more than 14 intra-thalamic structures, 18, 19 the 23 nuclei from the shape model were regrouped into 13 larger subgroups of nuclei, of which S11 is the pulvinar complex of interest (see Table 1 and Figure 1) .
We processed the DTI data and performed probabilistic tractography 25 using FMRIB's (Oxford Centre for Functional MRI of the Brain) FSL software (www.fmrib.ox.ac.uk/fsl). The thalamus and hippocampus masks were obtained using FreeSurfer, 26 and were used as the seed and the target respectively to generate the DTI connectivity maps. The analysis was performed separately for each hemisphere. The value of each voxel in these statistical maps represent the number of successful seed-to-target connections out of 5000 trials between the thalamus and the ipsilateral hippocampus, thereby measuring the probabilistic connectivity of each voxel. Distance correction was used to weigh the tracking as the distance from the seed. A population probability map was generated for each hemisphere from the 43 individual maps using age as a covariate using the SPM8 toolbox (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).
It is known that parts of the anterior thalamus are highly connected to the hippocampus, 27 particularly through the Papez circuit, which could act as a confound when estimating the connectivity of the pulvinar. Therefore, we defined a region of interest (ROI) around the posterior half of the thalamus in the connectivity maps of each subject. The mean connectivity values were determined for all 13 structures wholly or partially included in the ROI, which were then further normalized by the mean value over the entire ROI. The result was a normalized mean connectivity value for each of the 13 subgroups. We used a one-way ANOVA and pairwise comparisons to assess the differences in mean connectivity across the 13 structures. All calculations were carried out in MATLAB (Mathworks, Natick, MA). S8 S9 S10 S11 S12 S13 S2  S3  S4  S5  S6 S7  S8 S9 S10 S11 S12 S13 
RESULTS
Our aim was to verify that the pulvinar generated by our segmentation technique (S11 from Table 1 ) encompasses the strongly connected pulvinar region identified with probabilistic tractography. Boxplots of the normalized mean connectivity values for both the left and the right thalamus are shown in Figures 2a and 2b . A one-way ANOVA between the values obtained over the population between 13 anatomical structures in both hemispheres followed by pairwise comparisons of means revealed that the pulvinar complex has significantly greater (p < 0.01) mean connectivity values compared to the other 12 nuclei within this ROI. In fact, the weighted centroid of the connectivity values, defined over the same ROI in each subject's map, was consistently localized (in 42 out of 43 subjects) within the S11 complex. This suggests that the anatomical segmentation correctly identifies the pulvinar region, as shown on the population map in Figure 3 i.e., the anatomical structure S11 encompasses the pulvinar identified from hippocampal connectivity, which validates that the shape segmentation is correctly localized and not overtly conservative. This analysis can be extended to the 4 nuclei which constitute the S11 complex, while acknowledging the limitations due to resolution. Normalized mean boxplots for the 4 subnuclei in both the left and the right hemispheres are presented in Figures 2c and 2d . A19 is the largest of the 4 subnuclei and cover the medial and inferior parts of the pulvinar, and this is perceptibly more connected to the hippocampus than the other three nuclei. Existing literature suggests that it is the medial part of the pulvinar that is most strongly connected that our segmentation method is not only capable of localizing the pulvinar, but also its medial part in A19.
CONCLUSIONS
In this paper, we propose a method for the validation of a statistical shape model-based method designed to segment intrathalamic nuclei, and we apply it to the pulvinar complex of the thalamus. This is challenging due to the low intrathalamic contrast in clinically available MR data and the lack of subject-specific gold standard. Using known patterns of white matter connectivity between the pulvinar and the ipsilateral hippocampus determined by probabilistic tractography, we have verified that our method can localize the pulvinar in a population of 43 healthy subjects. Additionally, the medial and inferior parts of the pulvinar are shown to have the highest mean connectivity, which is consistent with the findings reported in the literature. The method we propose can be extended to other nuclei that are known to be connected to specific brain regions. A straightforward extension that we are currently pursuing is the anterior nucleus of the thalamus, which is known to have strong white matter connections to the hippocampus. But the process is clearly not limited to connectivity between the thalamus and the hippocampus, and can be extended to other cortical regions as well. One limitation of our approach is that it is unable to define the exact outer boundaries of the pulvinar nuclei, which would require relying on other sources of information that would permit localizing adjacent structures like the medial, central, intralaminar, ventral and lateral nuclei.
Finally, both the shape model training and the validation presented in this paper have been carried out exclusively on healthy subjects. One of the major anticipated uses of intrathalamic nuclei segmentation is in neurosurgical planning and investigation of regional changes in neurological disorder. Thus, future work will include verifying that our segmentation method generalizes to patient populations. Overall, developing a robust and generalizable method for segmenting the thalamic nuclei would be valuable for surgical treatment methods, and proper anatomical and structural validation is an important step forward in that direction.
